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ABSTRACT 
. A new method us ing  Kraners-Kronig a n a l y s i s  .of norm& r e f l e c t a n c e  
d a t a  f o r  c a l c u l a t i o n  of t h e  maximum and minimum va lues  of t h e  o p t i c a l  
cons t an t s  of s i l i c o n  has  been developed. It does not  r e q u i r e  any 
assumptions f o r  t h e  o p t i c a l  p r o p e r t i e s  of t h e  material o u t s i d e  t h e  
wavelength i n t e r v a l  f o r  which t h e  d a t a  are a v a i l a b l e ,  and i t  is a l s o  
p o s s i b l e  t o  use  without  s tandard  va lues  i n s i d e  t h i s  i n t e r v a l .  The 
u n c e r t a i n t y  i n  t h e  o p t i c a l  cons t an t s  a r i s i n g  from t h i s  method i s  
compatible i n  magnitude wi th  t y p i c a l  experimental  e r r o r s .  Correc t ion  
f o r  t h e  presence of s u r f a c e  f i l m  is  a l s o  considered.  Experimental 
d a t a  on S i  are analyzed us ing  t h i s  method. 
1. INTRODUCTION 
The primary o b j e c t i v e s  of t h i s  p r o j e c t  is ( i )  t o  determine both t h e  real  and 
t h e  imaginary p a r t s  of t h e  comp 
s i l i c o n  i n  t 
protons.  Considerable  progress  
f i r s t  h a l f  of t h e  c o n t r a c t  p e r i  
t ack led  from two aspec t s .  
e f f o r t  i t  w a s  found t h a t  t h e  cement c a l l e d  "Lens bond" manufactured by Summers 
Labora tor ies ,  Inc . ,  Fo r t  Washington, Pa. can be used t o  cement t h e  s i l i c o n  sample 
t o  v i t r e o u s  s i l i ca  be fo re  i t  i s  f a b r i c a t e d  t o  t h e  r equ i r ed  th ickness  f o r  o p t i c a l  
abso rp t ion  s t u d i e s  i n  t h e  s p e c t r a l  r eg ion  mentioned above. With t h i s  arrangement 
i t  i s  p o s s i b l e  t o  c a r r y  o u t  t h e  measurements d i r e c t l y  wi th  t h e  sample mounted on 
t h e  v i t r e o u s  s i l i ca .  
cooled t o  l i q u i d  helium temperatures .  
e f f o r t s  w i l l  be d i r e c t e d  t o  s tudy  the  e f f e c t  of i r r a d i a t i o n .  
On t h e  experimental  s i d e ,  a f t e r  cons iderable  t i m e  and 
Cur ren t ly  such measurements are i n  progress  wi th  t h e  sample 
A s  soon as t h e s e  measurements are completed, 
Concurrent ly  wi th  t h e  above experimental  s t u d i e s ,  a method us ing  t h e  K r a m e r s -  
Kronig a n a l y s i s  of normal inc idence  r e f l e c t a n c e  d a t a  has  been developed t o  c a l c u l a t e  
t h e  maximum and minimum p o s s i b l e  va lues  of t h e  o p t i c a l  cons t an t s  and thus  estimate 
t h e  maximum e r r o r s  i n  such a n a l y s i s .  S ince  t h e s e  ana lyses  can e a s i l y  b e  extended 
t o  G e  w i th  minimum e f f o r t ,  t h e s e  c a l c u l a t i o n s  have been performed f o r  both S i  and 
G e  and t h e  r e s u l t s  are presented  below. 
One of t h e  most f r equen t ly  used methods f o r  ob ta in ing  t h e  o p t i c a l  cons t an t s  
on o r  o u t s i d e  t h e  v i s i b l e  r e g i o  d 
l y s i s  of normal r e f l e c t a n c e .  The theory and 
is method r e q u i r e s  t h e  knowledge of 
egion,  a n  impossible  c 
S 
2 
e r r o r s  t h i s  method h a s  l i m i t e d  accuracy. Th i s  c i rcumstance is  w e l l  known and 
e s s e n t i a l l y  every au tho r  us ing  K-K a n a l y s i s  d i s c u s s e s  a l s o  t h e  i n f l u e n c e  of 
e r r o r s ,  e.g.  see t h e  r e c e n t  review by Lavilla and Mendlowitz. 3 
A s  t h e  e x t r a p o l a t i o n  procedures are n o t  based on experimental  r e s u l t s  
. .  . .  
and are n o t  always j u s t i f i e d  by good physical"arguments ,  i t  i s  reasonab le  
t o  s tudy  t h e  p r o p e r t i e s  of K-K a n a l y s i s  w i thou t  any e x t r a p o l a t i o n  whatsoever 
and then  estimate t h e  maximum l i m i t  of e r r o r s .  Th i s  i s  t h e  purpose of t h i s  
paper .  W e  w i l l  d i s c u s s  c o r r e c t i o n s  f o r  t h e  presence of s u r f a c e  f i l m 4  and 
a l s o  t h e  i n f l u e n c e  of experimental  e r r o r s  on t h e  o p t i c a l  c o n s t a n t s .  S u f f i -  
c i e n t  a t t e n t i o n  h a s  g e n e r a l l y  n o t  been g iven  t o  t h e  exact n a t u r e  of t h e s e  
s u r f a c e  f i l m s  i n  t h e  l i t e r a t u r e .  A l l  t h e  r e s u l t s  w i l l  be  d i scussed  f o r  
germanium and s i l i c o n .  
A s  t h e  experimental  d a t a  we used ou r  p rev ious  r e s u l t s  f o r  normal 
r e f l e c t i v i t y 5  of S i  and G e  up t o  1 3  e V .  
t h e  n a t u r e  of t h e  samples used are d e s c r i b e d  t h e r e i n .  I n  t h e  r e g i o n  13-21 
e V  w e  used t h e  r e s u l t s  of P h i l i p p  and Ehrenreich. '  The agreement of bo th  
d a t a  f o r  e n e r g i e s  less than  13 e V  i s  good and any d i f f e r e n c e  between them 
i s  smaller than  t h e  e r r o r s  considered below. 
The 'experimental  arrangement and 
2. LIMITS OF ERRORS IN THE METHOD 
L e t  u s  assume t h e  m a t e r i a l c a n b e  c h a r a c t e r i z e d  by complex index of 
, r e f r a c t i o n  N = n+ik.  For t h e  normal r e f l e c t a n c e  R w e  have 
where w is  frequency,  r ( w )  ampli tude and 4 phase. The equa t ion  (1) g i v e s  
the r e l a t i o n  between o p t i c a l  c o n s t a n t s  n , k  and t h e  phase a n g l e  + which i s  
g i v e n  by d i s p e r s i o n  r e l a t i o n  
m 
3 
t h e  phase a n g l e  + can be  w r i t t e n  as a sum'of 4 and 4 corresponds t o  1 2' 1 
t h e  c o n t r i b u t i o n  from t h e  t e r m  i n  t h e  measured r eg ion  
w 
where R ( x )  is t h e  normal r e f l e c t a n c e  i n  t h e  i n t e r v a l  (o,w ) , where w i s  
t h e  frequency l i m i t  of a v a i l a b l e  experimental  d a t a .  
t h e  i n t e r v a l  w - and Velicky proved t h a t  i n  t h e  i n t e r v a l  (o,w ) is  + 
0 0 
Phase Q, is  c o n t r i b u t i o n  from 2 
7 
2 0 0 
g iven  by t h e  series + 
r" 00 
where R ( x )  i s  a r b i t r a r y  and c o e f f i c i e n t s  a are m 
00 
r 
-2m-2 RnR (x) dx m (5) 
w 
0 
F u r t h e r ,  w e  w i l l  e x p l o i t  t h e  fo l lowing  s i m p l e  p r o p e r t i e s  of equa t ions  
- -  - a  f o r  w = O  
dw 0 
a L O  m 
The l a s t :  c o n d i t i o n  r e s u l t s  from (5) because 0 s R 2 1. 
The o n l y  assumption w e  w i l l  u s e  i s  t h a t  Q, = 0 (o r  k=O) i n  some small i n t e r v a l  
frequency 
I\ 
(0,K). For semiconductors and i n s u l a t o r s  t h i s  assumption is  a u t o m a t i c a l l y  guar- 
an teed  by t h e  e x i s t e n c e  of t h e  a b s o r p t i o n  edge. For t h e  c o n s t r u c t i o n  of t h e  mini- 
mum and maximum of $ (W)  w e  u s e  F i g .  1 which shows t h e  phase a n g l e s  @1 and 42 f o r  
s i l i c o n  p l o t t e d  as a f u n c t i o n  of frequency w .  The  cu rve  f o r  41 was ob ta ined  from 
t h e  experimental  r e s u l t s  u s ing  equ. (3). It i s  easy t o  see t h a t  t h e  curve f o r  
2 .  
is  g iven  by equs. (6b ,c) , F u r t h e r ,  w e  have +2min 
(w)  = aou f o r  w . ( O  t o  us) 1 
Q, 2min 
and from equ. (6a) 
where w is  t h e  frequency a t  t h e  p o i n t  of i n t e r s e c t i o n  of t h e  f u n c t i o n s  (7a) and (7b).  
S 
To e l i m i n a t e  t h e  s i n g u l a r i t y  of t h e  i n t e g r a l  (3)  f o r  W=W w e '  l i n e a r l y '  extrapo-  
0 
l a t e d  t h e  f u n c t i o n  R(w)  i n  t h e  s m a l l  i n t e r v a l  21.0-21.5 e V .  For w w e  used t h e  
v a l u e  21.5 e V ,  bu t  w e  cons ider  on ly  r e s u l t s  t o  21.0 eV.  Thanks t o  t h i s  ex t r apo la -  
0 
t i o n  f o r  G e  and a l s o  S i  i n  our  c a s e  w i s  l a r g e r  t han  21.0.eV. 
S 
The broken l i n e  f o r  w > 1 7  e V  i n  F ig .  1 i s  t h e  f u n c t i o n  ( X - Q ,  (a)), which i s  1 
from eqs.  ( 4 )  and (6) the upper l i m i t  f o r  Q,,(w). Now w e  have f o r  t h e  maximum of @ 2' 
. ( 8 )  
3 
(w) = a w + a , from (O,Ut) 
Q, 2max 0 1 
where 
and 
Q, 2max (w) 5 - Q,,(w), 0 from (at,Wo) (9) 
where w is  coord ina te  of p o i n t  T where both  curves  ( 8 ) ,  (9)  have t h e  same de r iva -  t 
t i v e .  Without t h e  assumption of t h e  e x i s t e n c e  of some K where $=O w e  can  u s e  
f o r  t h e  upper l i m i t  of Q, t h e  l i n e a r  f u n c t i o n  6 2 = a o W  where 2' 
a 0 = (n - O1(Wt))/wt' 
Of cour se  t h e  e s t i m a t i o n  w i l l  be  less p r e c i s e .  
(F igs .  1 and 2) repre- 2min and '2max The o p t i c a l  c o n s t a n t s  c a l c u l a t e d  us ing  4 
s e n t  a l s o  t h e i r  minimum and maximum v a l u e s ,  b u t  on ly  i f  n and k are monotonic 
f u n c t i o n s  of Q,. This  i s  t r u e  i n  our c a s e  f o r  G e  and S i  i n  a lmost  t h e  whole 
s p e c t r a l  i n t e r v a l  cons ide red ,  w i th  t h e  except ion  of s l i g h t  d e v i a t i o n  i n  a 
narrow reg ion  a t  4.4 e V  and 20 e V .  These d e v i a t i o n s  are small and they  are 
taken i n t o  account  i n  F igs .  1 and 2. The d i f f e r e n c e  W2 = 4 - 4  2max 2min 
= 19.5  e V  and i n c r e a s e s  a s  a t h i r d  o rde r  polynomial up t o  w 
G e  : 
( f o r  S i :  w t t '  
. = 19.0 eV). I n  t h e  i n t e r v a l  (W w ) Ad2 i n c r e a s e s  a s  a h ighe r  o r d e r  t' 0 
polynomial.  
Q, ( t h e  r eg ion  of sma l l  Q, and l a r g e  R) , s i n c e  t h e  d i f f e r e n c e  A $  
I n  t h e  r eg ion  where n , k  a r e  very  s e n s i t i v e  t o  t h e  phase a n g l e  
is ve ry  sma l l ,  2 
A% = n - n and A S  = k - k a r e  a l s o  sma l l .  For h igher  max min max' min 
5 
e n e r g i e s  
so g r e a t  
where i s  r e l a t i v e l y  l a r g e  t h e  dependence of  n ,  k on (I i s  n o t  
and A% and A$ a l s o  have r easonab le  v a l u e s  ( A  %, A S  c 0 . 4 ) .  
For e n e r g i e s  less than  5 e V ,  t h e  r e g i o n  of t h e  most i n t e r e s t i n g  s t r u c t u r e ,  
t h e  d i f f e r e n c e s  A n ,  and A S  are smaller than  0 . 1  ( i n  s t e e p  r e g i o n s  less 
t h a n  0.2) f o r  bo th  materials. 
c o n s t a n t s  does no t  need any e x t r a p o l a t i o n  of R beyond w o r  any o t h e r  
. .  
The c a l c u l a t i o n s  of  t h e  l i m i t s  of t h e  o p t i c a l  
0 
a d d i t i o n a l  assumptions o r  d a t a  i n  t h e  i n t e r v a l  (K, m o l  * 
Such c a l c u l a t i o n  of t h e  l i m i t  of n ,  k depends s t r o n g l y  on t h e  upper 
l i m i t  o f  t h e  experimental  r e g i o n  w . To i l l u s t r a t e  t h i s  w e  c a l c u l a t e d  t h e  
0 
o p t i c a l  c o n s t a n t s  of G e  f o r  w 
l i m i t  f o r  conven t iona l  experimental  arrangement i n  a i r ,  and t h e  la t ter  i s  
t h e  l i m i t  f o r  measurement us ing  a vacuum u l t r a v i o l e t  monochromator w i t h  a 
= 6 e V  and wo = 13 e V .  The former i s  t h e  
0 
hydrogen l i g h t  source.  F i g u r e  2 shows r e s u l t s  f o r  G e  obtained i n  t h e  same 
way as desc r ibed  above f o r  s i l i c o n .  For w = 13 e V  we have r easonab le  
0 
r e s u l t s ,  e s p e c i a l l y  s i n c e  t h e  p o s i t i o n s  and t h e  shapes of t h e  peaks are 
almost  t h e  same as f o r  w = 2 1  e V ,  b u t  t h e  u n c e r t a i n t y  i n  t h e  a b s o l u t e  v a l u e  
0 
is  l a r g e r .  For w = 6 e V  t h e  s t r u c t u r e  i s  s t r o n g l y  d i s t u r b e d  b u t  t h e  main 
f e a t u r e s  are s t i l l  e v i d e n t .  
0 
3.  EXPERIMENTAL ERRORS 
The e r r o r  i n  t h e  c a l c u l a t e d  o p t i c a l  c o n s t a n t s  n and k caused by t h e  
expe r imen ta l  e r r o r s  AR depends on AR(w) i n  t h e  whole i n t e r v a l  ( 0 , ~ ~ ) .  The 
f u n c t i o n  AR(w) i s  d i f f e r e n t  f o r  d i f f e r e n t  experimental  arrangements,  and 
varies s i g n i f i c a n t l y  w i t h  frequency.  But most of t h e  i n v e s t i g a t o r s  work 
w i t h  equipment of similar q u a l i t y  from t h i s  p o i n t  of view. The t y p i c a l  
a b s o l u t e  e r r o r  i n  t h e  normal r e f l e c t a n c e  i n  t h e  v i s i b l e  r e g i o n  i s  2 x 10 
and t h i s  i n c r e a s e s  wi th  energy. We chose i t  t o  be  1 0  x 1 0  a t  21 e V ,  which 
r e p r e s e n t s  a n  e r r o r  of about 0.2% i n  t h e  r e f l e c t a n c e  of G e  and S i .  It i s  
-2 ( 5 , 8 )  
- 2 .  
3 p o s s i b l e  t o  estimate t h e  e r r o r s  An AkE by t h e  a n a l y s i s  of equat ion (2) .  E ’  
6 
However, once t h e  computer program is  w r i t t e n ,  i t  is  easier t o  v a r y  only 
t h e  i n p u t  d a t a .  We m u l t i p l i e d  t h e  experimental  d a t a  R by a n  e s t ima ted  
e r r o r  f a c t o r  c ,  a polynom of second degree  such as  by p o i n t s  (0.61; l . O ) ,  
ex 
(3 .0 ;  1 .02) ,  (21.0; 1.1) i n  t h e  f i e l d  ( w ; c ) .  F i g u r e  3 shows i n  t h e  case 
of G e  t h e  aSsumed r e f l e c t a n c e  e r r o r  A 
duced by t h i s  AR on t h e  o p t i c a l  c o n s t a n t s  An = n - n and AkE = k - k ,  
where n and k are c a l c u l a t e d  f o r  c R . The shapes of t h e  cu rves  
An (w)  and Ak (w) are v e r y  c l o s e  t o  t h e  curves f o r  t h e  d e r i v a t i v e s  dn/dw 
and dk/dw. The a b s o l u t e  v a l u e  of AR, c a l c u l a t e d  from An and A k  is  
comparable w i t h  AR Thus t h e  i n t e g r a l  c h a r a c t e r  of t h e  d i s p e r s i o n  r e l a t i o n  
. .  
= Rex(c - 1) and t h e  e r r o r s  i n t r o -  
E E C C 
C C ex  
E E 
E E 
E '  
E '  does  n o t  c o n t r i b u t e  t o o  much t o  t h e  t o t a l  v a l u e  of AR 
4. CORRECTION FOR SURFACE FILM 
The f a c t  t h a t  t h e  r e f l e c t a n c e  is  in f luenced  by t h e  s u r f a c e  f i l m  i s  w e l l  
known, b u t  q u a n t i t a t i v e  c o r r e c t i o n s  of experimental  d a t a  are r a r e l y  done. 
The e x a c t  s o l u t i o n  of t h i s  problem is  n o t  s imple because w e  have t o  know 
t h e  o p t i c a l  p r o p e r t i e s  of t h e  s u r f a c e  f i l m  i n  t h e  whole r eg ion  (0 ) .  
wO 
Recent ly  t h e  o p t i c a l  c o n s t a n t s  of g l a s s y  s i l i c o n  d i o x i d e  and germanium ox ide  w e r e  
reported '  and w e r e  used h e r e  f o r  t h e  c o r r e c t i o n .  
1 0  The r e f l e c t a n c e  of t h e  sample covered by a t h i n  absorbing f i l m  is  
2 r I- r exp(-2i6) 
(1 + rO1rl2 exp(-zih) ) 
01 1 2  R =  
where r and r are t h e  F r e s n e l  r e f l e c t i o n  c o e f f i c i e n t s  f o r  t h e  air- 
f i l m : ( r  ) ,  and f i l m - s u b s t r a t e : ( r  ) i n t e r f a c e s ,  e .g .  
01 1 2  
0 1  1 2  
Nl - N2 r =  
2 1 2  N1 + N 
where N and N are  t h e  complex i n d i c e s  of r e f r a c t i o n  of t h e  f i l m  and 
s u b s t r a t e .  6 i n  eq. (10) is  given by 
1 2 
2 A  6 = y- Nld 
7 
where d i s  t h e  
For small 
th i ckness  of t h e  f i l m  and X.is t h e  wavelength.  
t h i cknesses  w e  assume l i n e a r  dependence of R on d 
R = Ro + a d (11) 
9 
where R = (,ro2)L is  t h e  r e f l e c t a n c e . o f  a c l e a n  .sample. F igu re  4 shows t h a t  . 0 
t h i s  approximation up t o  50 f o r  t y p i c a l  v a l u e s  of N and N i s  reasonable .  
1 2 
For t h e  de t e rmina t ion  of t h e  c o e f f i c i e n t  a we u s e  a n  equa t ion  s imilar  t o  (11) 
1 
R d = R  + a l d  
ex , 
where Rd i s  t h e  r e f l e c t a n c e  c a l c u l a t e d  from (10) wi th  N 2  = n + i k ,  t h e  
index  of r e f r a c t i o n  from (1). I n  t h e  equat ion  f o r  t h e  c a l c u l a t i o n  of 4 ,  
w e  used t h e  d i r e c t l y  measured exper imenta l  v a l u e s  R and 4 .. Ilere 
w e  assume a = a d w a s  e v a l u a t e d a s  shown below and from (ll), f o r  R = R 
w e  o b t a i n  R . A l l  t h e  assumptions used here f o r  t h e  c o r r e c t i o n s  are n o t  
p e r f e c t  b u t  a r e  s a t i s f a c t o r y  f o r  t h i s  purpose.  
ex 2min 
1' ex ' 
0 
F' 
germanium w e  es t imated  d = 20; and 
measured t h e  th i ckness  of t h e  f i l m  
F i g u r e  5 shows a p l o t  of AR 
2Oi. I n  t h e  case of s i l i c o n  d w a s  
a l s o  wi th  Archer's'' f i n d i n g s .  Of 
AnFy Ak v s  W f o r  S i  and G e .  For 
f o r  s i l i c o n  d = IOA.  A f t e r  e t c h i n g  w e  
by t h e  e l l i p somet r i c  method5 t o  b e  about  
u s u a l l y  found t o  be sma l l e r ,  i n  agreement 
cour se ,  i t  i s  assumed t h a t  t h e  exper imenta l  
F 
0 
6 r e s u l t s  on R(w) w e r e  ob ta ined  on samples prepared under similar cond i t ions .  
The r e s u l t s  f o r  bo th  materials show t h a t  t h e  c o r r e c t i o n  i s  l a r g e ,  e s p e c i a l l y  
f o r  t h e  r e f r a c t i v e  index n. The change of r e f l e c t a n c e  i s  a l s o  s u r p r i s i n g l y  
l a r g e .  
of t h e  A R  curves  i s  similar t o  those  of E ~ ( w )  .' The l a r g e r  change of re- 
f l e c t a n c e  i s  connected wi th  t h e  l a r g e r  o p t i c a l  c o n s t a n t s  of t h e  f i l m .  We 
must assume t h a t  t h e  o p t i c a l  c o n s t a n t s  of ox ides  i n  bulk  form' a r e  the  same 
as f o r  t h i n  f i l m s .  For S i  i t  was proven t h a t  t h e  f i l m  is  amorphous and t h e  
index of r e f r a c t i o n  f o r  X 
f o r  germanium ox ide  t h e  agreement i s  n o t  so  good, f i l m  v a l u e  n = 1.639,  
For s i l i c o n  i t  i s  14% a t  1 0  eV and f o r  G e ,  12% a t  11 e V .  The shape 
= 5461; a g r e e s  well with  t h e  bulk  v a l u e , l 2  but 
13 
Hg 
8 
I n  t h e  uv r eg ion  9 1 4  whereas f o r  t h e  bulk material n = 1.56  0.r n = 1.608. 
t h e r e  a r e  no e l l i p s o m e t r i c  s t u d i e s  on t h e s e  f i l m s .  However, i n  t h i s  r eg ion  
w e  have no o t h e r  choice .  
Our v a l u e s  of d are probably t h e  lower l i m i t  f o r  t h e  s u r f a c e  f i l m  
. .  . 
t h i c k n e s s  of samples exposed t o  t h e  a i r .  But a t  t h e  same t i m e  t h e  mathematical  
approximation used above i s  t h e  upper l i m i t .  The l i m i t a t i o n  of such a pro- 
cedure  i s  brought  ou t  c l e a r l y  f o r  r e s u l t s  abovew = 1 9  e V  where t h e  cor rec-  
t i o n  A R  is  h ighe r  thanpthe  r e f l e c t a n c e .  For more p r e c i s e  de t e rmina t ion  of 
t h e  t r u e  o p t i c a l  c o n s t a n t s  i n  t h e  uv range  i t  w i l l  t h e r e f o r e  be necessary  t o  
develop b e t t e r  procedures .  Exper imenta l ly ,  probably t h e  most promising way 
w i l l  be  t h e  measurement on almost  c l e a n  s u r f a c e s  o r  t h e  measurement on 
several samples wi th  d i f f e r e n t  t h i c k n e s s e s  of f i l m s .  
5.  CORRECTION OF @2 
For t h e  more p r e c i s e  de t e rmina t ion  of @ we can  u s e  any f u r t h e r  o p t i c a l  2 
exper imenta l  d a t a  i n  t h e  i n t e r v a l  (0,w ) i f  a v a i l a b l e .  W e  cannot  a r b i t r a r i l y  
0 
e l i m i n a t e  h ighe r  o rde r  c o e f f i c i e n t s  i n  t h e  series g iven  by eq .  ( 4 )  b u t  as a 
r easonab le  approximation w e  can  s t a r t  wi th  smaller exponents.  Using 
c o n d i t i o n s  g iven  by eq. (6) we have t h e  fo l lowing  l i m i t a t i o n  f o r  a m 
IT- $,(w) - a w 
2m-I-1 
< 0 O ' , a  m -  
W 
where w = w f o r  m = l  i n  t h e  case of S i ,  w = 19 .5  e V  ( s e e  F ig .  l ) ,  b u t  
f o r  m > 1, w is a l s o  h ighe r .  I f  w e  know o p t i c a l  c o n s t a n t s  a t  w i n  t h e  
i n t e r v a l  (0,w ), t h e  c o e f f i c i e n t s  a are then s o l u t i o n s  of t h e  system of 
t '  t 
t i 
0 m 
l i n e a r  equa t ions  
is c a l c u l a t e d  from (I), where n,k are known f o r  w = w Condi t ion  (13) 'n,k i' 
9 
enab les  u s  t o  dec ide  which c o e f f i c i e n t s  are important  i f  n o t  t o o  many.data 
are a v a i l a b l e .  A l s o ,  i t  i s  p o s s i b l e  t o  u s e  analogous procedure f o r  t h e  
c a l c u l a t i o n  i n  t h e  upper and lower l i m i t s  of 4 as i n  thesecond s e c t i o n  f o r  
m=O and 1. 
2 
T h e o r e t i c a l l y ,  t h e  knowledge of both t h e  o p t i c a l  c o n s t a n t s  i n  a f i n i t e  
b u t  i n  f requency i n t e r v a l  a l l o w s  one t o  r e c o n s t r u c t  t h e  whole f u n c t i o n  4 2' 
p r a c t i c e  t h i s  is impossible  because experimental  d a t a  always are s u b j e c t  t o  
some e r r o r s  and then  t h e  e r r o r  i n  a may b e  h i g h e r  t h a n  i s  p r a c t i c a l .  The m 
u s u a l  p r a c t i c e  is  then  t o  use  t h e  c o n d i t i o n  $=O a t  t h e  energy gap. Th i s  
c o n d i t i o n  a l lows  u s  t o  c a l c u l a t e  a from ( 1 4 )  f o r  i=l, b u t  i n  our  case, 1 
f o r  bo th  G e  and S i ,  a w a s  s o  smal l  t h a t  i t  w a s  comparable w i t h  t h e  e r r o r  
of t h e  numerical  method. 
1 
The on ly  u s e f u l  r e s u l t  i s  t h a t  f o r  lower f r e -  
quencies  4 i s  c l o s e  t o  t h e  4 We t r i e d  t o  c a l c u l a t e  t h e  h ighe r  o r d e r  2 2min' 
c o e f f i c i e n t s  f o r  X = 5 4 6 6  where d a t a  f o r  G e l 3  and SiI2 are  a v a i l a b l e .  
t h e  case of S i  t h e  s i t u a t i o n  w a s  t h e  same as f o r  d a t a  a t  t h e  a b s o r p t i o n  
edge. 
I n  
For G e  t h e  v a l u e s  w e r e  i n c o n s i s t e n t  w i t h  ou r  measurement5 - i n  o t h e r  
words, t h e  c o e f f i c i e n t  a w a s  n e g a t i v e .  It i s  p o s s i b l e  t o  e x p l a i n  t h i s  
i ncons i s t ency  as o n l y  being due t o  a n  unexpectedly l a r g e  e r r o r  i n  r e f l e c t a n c e ,  
o r ,  what i s  more l i k e l y ,  t h e  d a t a  which are f o r  c leaved samples as 
i n  t h e  case of S i ,  
1 
1 2  
1 2  may be  d i f f e r e n t  from t h a p  f o r  t h e  etched samples. There exist  
a l s o  r e c e n t  experimental  d a t a  f o r  t h e  o p t i c a l  c o n s t a n t s  of G e  measured 
d i r e c t l y  i n  t h e  v i s i b l e 1 5  and f a r  uv regions16 b u t  t h e  e r r o r s  are comparable 
2' t o  o u r s ,  and t h u s  u s e l e s s  f o r  t h e  c o r r e c t i o n  of (p 
A f u r t h e r  sou rce  of i n fo rma t ion  i n  t h e  uv r e g i o n  i s  e l e c t r o n  energy 
l o s s  s p e c t r a  (EELS). 
s h i p  between o p t i c a l  measurement and EELS (e.g. s u r f a c e  c o n d i t i o n s ,  d i f f e r e n t  
samples) and a l s o  s i n c e  t h e  e r r o r s  i n  EELS are n o t  c l e a r l y  known, w e  cannot 
use t h e  d a t a  d i r e c t l y  f o r  t h e  c a l c u l a t i o n  of n ,  k .  I f  w e  suppose t h e  
P o s i t i o n  W of t h e  maximum Imc 
A s  t h e r e  seem t o  b e  some problems about  t h e  r e l a t i o n -  
-1 
as a w e l l  de f ined  v a l u e ,  w e  can u s e  t h a t  e 
10 
f o r  t h e  narrowing of ACp From t h e  c o n d i t i o n  2'  
w e  have t h e  p l o t  dCp/dw v s  4 shown on Fig.  6, f o r  t h e  case of S i  where 
w = 1 7  e V . 1 7  The p o i n t  A is t h e  lower l i m i t  of +2 i n  Fig.  1. The broken 
l i n e  on Fig.  6 r e p r e s e n t s . t h e  maximum v a l u e  of d$/dw, as i s  p o s s i b l e  t o  
e 
estimate g r a p h i c a l l y  from Fig.  1. 
The c r o s s  s e c t i o n ' o f  bo th  curves g i v e s  t h e  upper l i m i t  f o r  Cp (po in t  B ) ,  
a s  shown by t h e  dashed l i n e .  Th i s  c o r r e c t i o n  lowers  $I by about  30% of 
A+ towards Cp near  w f o r  both mater ia ls  (see Fig.  1). It i s  p o s s i b l e  
t o  u t i l i z e  t h e  o t h e r  EELS d a t a  i n  a s imilar  way; b u t  i n  view o f  t h e  uncer- 
2max 
2 2min e 
t a i n t i e s  i n  EELS d a t a  mentioned above, w e  d i d  n o t  u s e  EELS d a t a  f o r  
c o r r e c t i o n s  t o  Cp i n  t h e  d a t a  t o  b e  d i scussed  i n  t h e  nex t  s e c t i o n ,  2 
18. Recent ly  n , k  d a t a  from r e f l e c t a n c e  measurements a t  o b l i q u e  inc idence  
We d id  n o t  u s e  i t  f o r  i n  t h e  r e g i o n  22.5 - 40.0 e V  w a s  publ ished f o r  G e .  
t h e  c o r r e c t i o n s  because t h e  main purpose of t h i s  paper i s  t o  show a n  a n a l y s i s  
of normal r e f l e c t a n c e  d a t a .  F u r t h e r ,  t h e  o p t i c a l  c o n s t a n t s  d a t a  f o r  t h e  
s u r f a c e  f i l m  are n o t  a v a i l a b l e  and t h u s  t h e  a n a l y s i s  would be  incomplete.  
6. RESULTS 
Even i f  w e  do n o t  u s e  any a d d i t i o n a l  i n fo rma t ion  on p h y s i c a l  p r o p e r t i e s  
i n s i d e  o r  o u t s i d e  t h e  frequency i n t e r v a l  (0 ,w ) o t h e r  t han  R ( w ) ,  a s  w a s  
0 
supposed i n  t h e  beginning,  w e  can c a l c u l a t e  t h e  o p t i c a l  c o n s t a n t s  i n  t h e  
fo l lowing  way: u s ing  (2)  w e  can  e v a l u a t e  t h e  approximate v a l u e s  of n and 
k from t h e  experimental  d a t a  R.  Making u s e  of t h e s e  v a l u e s  f o r  e v a l u a t i n g  
t h e  c o r r e c t i o n  of R f o r  t h e  s u r f a c e  f i l m  w e  u s e  equa t ion  (2) once more and 
and 4 w e  g e t  t h e  l i m i t s  f o r  n ,k;  w e  chose t h e  average v a l u e  from '2max 2min 
as t h e  most probable  va lue .  The t o t a l  e r r o r s  An and Ak are  t h e  sum of t h e  
11 
d i f f e r e n c e  between t h e  maximum and minimum v a l u e s  and t h e  e r r o r s  of t h e  
experimental  d a t a .  It may be  remarked t h a t  t h i s  mean v a l u e  has  a l i m i t e d  
p h y s i c a l  meaning and i t  w a s  chosen h e r e  on ly  f o r  t h e  convenience of 
d i s c u s s i o n .  W e  have almost  no p h y s i c a l  arguments t o  p r e f e r  any one cho ice  
of i n s i d e  t h e  i n t e r v a l  ($ (9 ) w i t h  t h e  excep t ion  t h a t  f o r  t h e  2min' 2max 
d a t a  a t  t h e  a b s o r p t i o n  edge (see d i s c u s s i o n  above) w e  p r e f e r  $ a t  lower 
f r e q u e n c i e s  and t h e  shape of (9 (see F ig .  2) a t  high f r e q u e n c i e s  .I i s  
u n r e a l i s t i c  because f o r  w = 2 1  e V ,  d$/dw should be zero.  From t h i s  p o i n t  
of view t h i s  method has  the  d i sadvan tage  t h a t  i t  i s  p r a c t i c a l l y  impossible  
t o  u s e  some cr i ter ia  f o r  t h e  c o m p a t i b i l i t y  of d a t a . 7  
o t h e r  method us ing  some e x t r a p o l a t i o n  t o  i n f i n i t y  w i l l  have e s s e n t i a l l y  
s imilar  problems on a more d e t a i l e d  a n a l y s i s .  F i g u r e s  7 and 8 show d a t a  
f o r  s i l i c o n  and germanium c a l c u l a t e d  i n  t h i s  way, t o g e t h e r  w i th  t h e  " e r r o r s  
of method (A%,A%), e r r o r s  of experimental  d a t a  (Ak ,AnE) and t h e  r e s u l t s  
of some o t h e r  a u t h o r s .  
2min 
min 
0 
We b e l i e v e  t h a t  any 
E 
S i l i c o n :  The r e s u l t s  up t o  6 e V  a g r e e  i n  t h e  l i m i t  of e r r o r s  w i th  t h o s e  
of P h i l i p p  and Ehrenreich.  A t  6 .5  e V  ou r  s p e c t r a  show a d d i t i o n a l  s t r u c t u r e  
d i scussed  i n  a p rev ious  paper.5 
h ighe r  because i t  w a s  n o t  c o r r e c t e d  f o r  t h e  presence of a s u r f a c e  f i l m .  
6 
6 
The a b s o l u t e  v a l u e  of n i s  s y s t e m a t i c a l l y  
The d i r e c t l y  measured v a l u e s  of Sasak i  and Ishiguro19 are c l o s e r  t o  o u r s ,  
w i t h  t h e  excep t ion  of nea r  10 eV where t h e  f i l m  c o r r e c t i o n  i s  s l i g h t l y  
l a r g e  (see F ig .  5). A s  a r e s u l t  of t h e s e  c o r r e c t i o n s  t h e r e  i s  a l s o  a small 
d i p  i n  t h e  n and k s p e c t r a .  The agreement f o r  k i n  g e n e r a l  i s  b e t t e r ,  s i n c e  
-1 t h i s  v a l u e  i s  less s e n s i t i v e  t o  t h e  c o r r e c t i o n s .  Our I m  E curve  has  a 
6 maximum a t  16.5 e V ,  i n  comparison wi th  16.4 e V  
d a t a  16.9 eV20 and 17'0.2 e V 1 7  as c a l c u l a t e d  from EELS. 
h a l f w i d t h s  are 5.9 e V ,  7 .3  e V , 6  5 .2  eV,*O and 3 .6  e V .  l7 
as c a l c u l a t e d  from o p t i c a l  
The corresponding 
Our v a l u e s  seem t o  
1 2  
-1 b e  c l o s e r  t o  t h a t  from EELS, b u t  t h e  r e l a t i v e l y  l a r g e  e r r o r s  i n  I m  E do 
n o t  a l l o w  f o r  a more d e t a i l e d  comparison. I n  g e n e r a l ,  A% and A S  are 
smaller than  A%, AkE f o r  lower e n e r g i e s  (0-10 eV), comparable between 
10-15 e V  and l a r g e r  (about two t i m e s )  i n  t h e  i n t e r v a l  15-21 e V .  Both 
e r r o r s  are  e s s e n t i a l l y  ze ro  from 0 t o  t h e  a b s o r p t i o n  edge, because i n  t h i s  
r e g i o n  we used t h e  r e f l e c t a n c e  c a l c u l a t e d  from n ob ta ined  by t h e  measure- 
ment af  t h e  a n g l e  of minimum d e v i a t i o n .  
5 
Germanium: The g e n e r a l  remarks j u s t  made, concerning t h e  s t r u c t u r e  up 
t o  6 e V ,  t h e  c h a r a c t e r  of t h e  e r r o r s  of t h e  method and of t h e  experimental  
d a t a ,  and I m  E a re  a l s o  v a l i d  f o r  germanium. The v a l u e s  of n obtained 
from K-K a n a l y s i s , 6  and a l s o  from t h e  d i r e c t l y  measured experimental  d a t a  
of  Sasaki,21 are s u b s t a n t i a l l y  h ighe r  than o u r s  between 8 and 1 9  e V ,  
probably because they w e r e  n o t  c o r r e c t e d  f o r  t h e  presence of t h e  s u r f a c e  
f i l m .  There i s  much b e t t e r  agreement w i t h  t h e  r e c e n t  d a t a  of Marton and 
Toots,“ who a l s o  s t u d i e d  t h e  i n f l u e n c e  of t h e  exposure of sample t o  a i r .  
-1 
Our measurements as  w e l l  as t h e i r s  were n o t  made on c l e a n  s u r f a c e s  b u t  w e  
used t h e  t y p i c a l  v a l u e  of d as 201. 
c o r r e c t e d  gave r e s u l t s  c l o s e l y  corresponding t o  a c l e a n  s u r f a c e .  The k 
v a l u e s  are less s e n s i t i v e  t o  t h e  c o r r e c t i o n s ,  as i n  t h e  case of S i ,  and 
t h e  agreement w i t h  o t h e r  r e p o r t e d  v a l u e s  6’21’1G i s  b e t t e r .  
t o  ze ro  f i l m  t h i c k n e s s  i s  important  h e r e  n o t  o n l y  f o r  t h e  a b s o l u t e  v a l u e  
A s  a r e s u l t ,  both measurements when 
The c o r r e c t i o n  
of t h e  o p t i c a l  c o n s t a n t s ,  b u t  a l s o  f o r  t h e  s t r u c t u r e  of s p e c t r a .  Near 
7 e V  t h e r e  i s  a s m a l l  peak i n  t h e  R d a t a  2G’5 ‘which produces some s t r u c t u r e  
a l s o  i n  t h e  o p t i c a l  c o n s t a n t s .  
(Fig.  5) and,  a f t e r  c o r r e c t i o n  t o  d=O, t h e  cu rves  are almost  smooth. 
It c o i n c i d e s  w i t h  the .peak  i n  t h e  R d a t a  
I I I B V  Th i s  c i rcumstance may be important  a l s o  f o r  o t h e r  materials,  e.g.  A s 
6 where weak s t r u c t u r e  e x i s t s  
about  t h e  s u r f a c e  f i l m .  The Im E d a t a  g i v e  a maximum a t  16.4 e V  
i n  t h e  uv r e g i o n  and almost nothing i s  known 
-1 
13 
16 (ha l fwid th  4.9 e V )  i n  comparison w i t h  1 G . O  e V  (8.4 eV),' 16.1 e V  (3.4 e V ) ,  
and 1 6 . 5  e V  (6.4 eV)21 from o p t i c a l  d a t a  and 16.4 e V , 2 2  16.3 e V  (6.5 eV), 
and 16.4'0.2 e V  (3.4 eV)I7 from EELS. 
23 
Our v a l u e  f o r  t h e  p o s i t i o n  of t h e  
maximum is  p r a c t i c a l l y  i d e n t i c a l  with t h e  d a t a  from EELS and our  ha l fwid th  
23,17 is  t h e  ave rage  of t h e  r e c e n t  d a t a .  
In t h e  l i t e r a t u r e  i t  i s  p o s s i b l e  t o  f i n d  some doubts  expressed as t o  
t h e  p r e c i s i o n  of K-I< a n a l y s i s .  F i g u r e  9 shows t h a t ,  i n  our  case, when w 
is  l a r g e  t h e  r e s u l t s  ma-y b e  v e r y  good, 
0 
I n  t h e  v i s i b l e  r e g i o n  of G e  t h e r e  
is  f i n e  s t r u c t u r e  r e l a t e d  t o  t h e  A -A t r a n s i t i o n  w i t h  s p i n - o r b i t  s p l i t t i n g .  
The maximum e r r o r  of t h e  method f o r  t h e  c o n s t a n t s  n and k i s  less than  
k0.005. The e r r o r  of t h e  experimental  d a t a  i s  much higher  (*Oil). Thus 
t h e  l i m i t  of p r e c i s s i o n  depends e s s e n t i a l l y  on AR. For comparison Fig.  9 
shows t h e  d a t a  of P o t t e r , 1 5  Archer,24 and Knausenberger and Vedam 
3 1  
13 as 
measured d i r e c t l y .  A l l  t h e s e  workers have used e n t i r e l y  d i f f e r e n t  tech- 
niques f o r  sample p r e p a r a t i o n .  The shape of our s p e c t r a  i s  v e r y  similar 
t o  P o t t e r ' s  and we b e l i e v e  t h a t  e s p e c i a l l y  IC nea r  2.3 e V  i s  v e r y  good i n  
ou r  measurement. The normal r e f l e c t a n c e  c a l c u l a t e d  from P o t t e r ' s  d a t a  i n  
t h i s  r a n g e  does n o t  a g r e e  ve ry  w e l l  w i t h  experimental  va lues .  15525 It is 
p o s s i b l e  t o  e x p l a i n  t h i s  disagreement i n  t h e  a b s o l u t e  v a l u e  by d i f f e r e n t  
s u r f a c e  p r e p a r a t i o n  techniques and by disagreement i n  ca l cu la t ed15  and 
measured normal r e f l e c t a n c e .  The a b s o l u t e  v a l u e s  a g r e e  
Arche r ' s  d a t a .  24 
7. CONCLUSIONS 
It was shown t h a t  f p r  a s u f f i c i e n t l y  high w i t  i s  
0 
q u i t e  well w i t h  
p o s s i b l e  t o  o b t a i n  
v a l u e s  f o r  t h e  o p t i c a l  c o n s t a n t s  u s ing  Kramers-Kronig a n a l y s i s  w i t h  the  
same u n c e r t a i n t y  as t h a t  of publ ished d a t a  ob ta ined  by d i r e c t  
measurement. 15'16'19'21'24 Th i s  method does no t  r e q u i r e  any e x t r a p o l a t i o n  
o u t s i d e  t h e  measu red  i n t e r v a l  and a l s o  does n o t  need any f u r t h e r  experimental  
14 
d a t e  i n s i d e  t h i s  i n t e r v a l .  However, such d a t a  i f  a v a i l a b l e  may be  used 
f o r  a f u r t h e r  improvement i n  t h e  e s t ima t ion  of t h e  phase angle .  For t h e  
c o r r e c t  a b s o l u t e  va lue  of n,  k i n  uv reg ion ,  a c o r r e c t i o n  f o r  t h e  presence 
of a s u r f a c e  f i l m  is  necessary,  e s p e c i a l l y  i n  t h e  r eg ion  where t h i s  f i l m  
is  absorbing.  A l s o ,  some weak s t r u c t u r e  i n  t h e  experimental  d a t a  can be 
shown t o  be  due t o  t h e  s u r f a c e  f i l m  by t h i s  co r rec t ion .  For t h e  t o t a l  
error it i s  necessary t o  consider  a l s o  t h e  e r r o r  i n  t h e  experimental  d a t a .  
15 
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FIGURE CAPTIONS 
v s  frequency. The 
The o p t i c a l  c o n s t a n t s  n ,  k 
1' '2max' '2min F igu re  1 - S i l i c o n .  P l o t  of phase a n g l e  (I 
broken l i n e  i s  t h e  f u n c t i o n  (T - +l). 
are c a l c u l a t e  d i r e c t l y  from experimental  d a t a  us ing  4 ( s o l i d  l i n e )  
and 0 (--e-@--). 
2min 
2max 
2 - Germanium. The phase a n g l e  4,  o p t i c a l  c o n s t a n t s  n ,  lr. c a l c u l a t e d  from 
f o r  w =21 e V  ( s o l i d  l i n e ) ,  w =13 e V  (----- ) ,  w =6 e V  ( - * - e - *  1 42rnin . 0 0 0 
and s i m i l a r l y  f o r  4 (-) , (013-0), (-x-x-x) . 2max 
3 - Germanium. P l o t  of assumed experimental  e r r o r  AR and t h e  corresponding E 
e r r o r s  Ak and An vs frequency. E E 
4 - P l o t  of t h e  c o r r e c t i o n  AR f o r  t h i c k n e s s  of s u r f a c e  f i l m  f o r  v a r i o u s  F 
1' 1 o p t i c a l  c o n s t a n t s  (n;k;n . k  ). (5.0; 2.0; 0.8; 0.5, -+~-e-a-), 
(5.0; 2.0; 1.5;  0.0, -x--x-x-), (2.0; 4 . 0 ;  1.5; 0.5, -+-+-+-I, 
(0.5; 1 .0;  1.5; 0.0, -0-0-0-). 
), Ak (----- ) f o r  t h e  5 - The c o r r e c t i o n  AR ( s o l i d  l i n e ) ,  An ( - * - * - a -  F F F 
p re sence  of a s u r f a c e  f i l m  w i t h  t h i c k n e s s  d=20 i  f o r  germanium and 
d=10i  f o r  s i l i c o n .  
6 - P l o t  d$/dw vs  (p ( s o l i d  l i n e )  f o r  we=17.0 e V  f o r  s i l i c o n .  The broken 
l i n e  i s  a p l o t  of t h e  maximum v a l u e  of dp/dw evaluated from Pig.  1. 
7 - Corrected index of r e f r a c t i o n  n ,  e r r o r s  A% and A% vs  frequency f o r  
s i l i c o n  and germanium. R e s u l t s  of P h i l i p p ,  Ehrenreich (0 o 0); 
S a s a k i ,  Ishiguro19 (e  8 @ , S i ) ,  S a s a k i  
6 
21 16 
(e 8 e,Ge);  Marton, Toots 
(x x x). 
8 - Corrected index of a b s o r p t i o n  k, e r r o r s  A$ and A% v s  frequency f o r  
s i l i c o n  and germanium. The r e s u l t s  of o t h e r  a u t h o r s  are marked a s  
i n  F ig .  7. 
18 
F i g u r e  9 - Germanium. O p t i c a l  c o n s t a n t s  n ,  k f o r  $2min ( s o l i d  l i n e ) ,  
( - -~t - - (b(~-) .  R e s u l t s  of Po t t e r15  (broken l i n e ) ,  of 
Q 2max 
Archer" (x x x) , Knausenberger and Vedam13 ( A )  
19 
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a 
should be determined with the new technique. 
